also known as lithographyOa multiple-step process that typically begins with the design of a pattern in the form of a data set and ends with a patterned array of small features on the surface of a substrate. Depending on the application, the requirements for a successful lithographic process can vary substantially. The minimum feature size of a test pattern is usually the most obvious issue one must consider when selecting a proper lithographic technique. In microelectronics, for example, the growing demand for higher densities of integration, less power consumption, better performance, and reduction in cost has kept pushing the capability of photolithography down to the nanometer scale. The state-ofthe-art in high-throughput nanofabrication is a deep UV (at 193 nm) photolithographic tool that utilizes liquid-immersion optics to pattern sub-50 nm structures across a 300 mm (12 in.) wafer. 2 However, in many other applications outside of electronics, both cost and throughput could become more demanding parameters than the minimum feature size. Generally speaking, a parallel process is better suited for high-throughput fabrication than a serial technique. Patterns are often generated using a serial technique and then transferred into multiple copies through a parallel process. The cost of a patterning process can be attributed to two major sources: (1) the capital and operating expenses associated with the tool itself, and (2) the specific environment (e.g., a cleanroom) required for operating the instrument. The cost is often a dominant factor in determining the availability of a nanofabrication tool. For example, the current deep UV lithographic tool has a remarkable throughput of 80 wafers/h (2 ϫ 10 Ϫ3 m 2 /s), but comes with the astonishing price tag of $30,000,000. Certainly no university can afford to invest in such a tool, so academic researchers often have to rely on electronbeam lithography (EBL) for generating nanostructures. At prices ranging from $350,000 for a typical scanning electron microscope to $2,000,000 for a dedicated electron-beam writer, EBL is cheap only in comparison and has a much lower patterning throughput (3 ϫ 10 Ϫ10 m 2 /s for an electron-beam writer). This nanofabrication tool is typically operated in a cleanroom, which is in itself expensive to construct and maintain. In addition, these conventional methods both require a smooth, rigid, and somewhat expensive substrate, which is most commonly based upon silicon at a price of $200Ϫ1000/m 2 , depending on the size and quantity.
There are many applications (both old and new), such as metamaterials, solar cells, sensors, actuators, and flexible electronics, which would benefit enormously from alternative methods of nanofabrication. Specifically, there is an increasing need to (1) pattern a wide variety of flexible substrates, (2) increase the throughput (Ͼ1 m 2 /s), (3) move outside of the cleanroom, and (4) keep the capital investment and actual cost as low as possible. The tools and methods developed for microelectronics simply cannot meet these goals. Here, we discuss a number of promising approaches to nanofabrication that can reduce or eliminate the use of cleanrooms and associated tooling, can be applied to a variety of substrates, and have the potential to be applied for low-cost, high-throughput production.
Soft Lithography. This technology encompasses a number of different processes, including molding, printing, and embossing, that utilize an elastomeric stamp to transfer patterned features onto the surface of a substrate. 3, 4 Stamps with nanoscale features must be molded by casting a curable prepolymer onto a master, which is typically fabricated using EBL. In this case, one must either have access to EBL to make a master or order a master from a commercial source (e.g., from www.nilt.com). Subsequent patterning with the stamp can be performed outside of the cleanroom; debris on the master is usually taken up by the stamp after casting. Stamps can also be cleaned with masking tape. After generation of a stamp, nanoscale patterns can be formed on a surface by either printing, molding, or embossing. In an embossing process, a solvent is used to soften a polymer, the stamp is pressed into the polymer, and the solvent is then allowed to dry before removal of the stamp. Line widths of 60 nm have been demonstrated with this process, and it can also be used to generate multilayered structures in a layer-by-layer fashion ( Figure 1) . 5 Figure 2 ). For printing with soft stamps, the ink can either be molecular in nature (e.g., alkanethiols, proteins, and dendrimers, among others) or be a solid material (e.g., nanoparticles, solid films).
7Ϫ11 Generally speaking, it seems to be easier to generate nanostructures by printing solids because molecular inks can diffuse across a surface, and the transfer of a molecular ink from a stamp to a substrate is more difficult to control. That being said, researchers have demonstrated generation of sub-50 nm lines by printing high molecular weight inks. 12 Lines of nanoparticles down to 67 nm in diameter can be printed by careful control of the assembly of the nanoparticles on the stamp. 13 Although the minimum resolution of soft lithography is not quite as good as the other techniques discussed below, soft stamps can (1) generate features over large, curved surfaces; (2) print a rich variety of materials on a wide range of substrates; and (3) be used in roll-to-roll processes.
Imprinting. Of the methods that have been developed, nanoimprint lithography (NIL) is probably the closest to commercial viability. Tools available from Molecular Imprints for manufacturing hard-disk drives advertise sub-20 nm resolution and throughputs of 300 disks/ h.
14 This tool utilizes a hard, clear stamp (made of quartz) to mold a low-viscosity, photocurable monomer solution. This method, termed "step and flash" imprint lithography (S-FIL), can generate lines with a 6 nm half-pitch (see Figure 3 ) with high pattern fidelity (for 20 nm lines, standard deviation is Ϯ1.2 nm). 15 Three-dimensional structure can also be generated (e.g., T-gate, damascene interconnect), thereby saving processing steps, and a full wafer can be patterned simultaneously. One of the major challenges with this method is fouling of and damage to the stamp, which is rather slow and expensive to fabricate. Thus, S-FIL must be car- ried out in a cleanroom environment, and the expensive stamps make this technique less attractive and accessible to researchers in academia. Like photolithography, S-FIL is designed for and well-suited to fabrication in the semiconductor industry, but it may not be suitable for high-throughput production in a roll-to-roll process.
Thermal-NIL likely has greater potential for high-throughput, lowcost patterning. This method, which is essentially hot embossing, can use relatively inexpensive metal stamps on rollers to create sub-100 nm features in a polymer. 16 The throughput of this process, 4 ϫ 10 Ϫ4 m 2 /s, is lower than soft lithography. Thermal-NIL has demonstrated features as small as 10 nm, and patterning of an entire wafer at once is possible. 17 Because the substrate must be very smooth to make good contact with the mold, the range of substrates that can be patterned is more limited than the other three processes discussed here. (Figure 4) . Sectioning of polymer multilayers formed by sequential spin coating resulted in an array of polymer nanowires that could act as an ordered bulk heterojunction solar cell. 19 Single-crystal nanostructures prepared using a bottom-up approach could be carved by nanoskiving to generate nanostructures of great interest to plasmonics. 20 It should be pointed out that epoxy slabs containing the nanostructures can be readily deposited on virtually any substrate. Magnetic particles can also be co-embedded within the slab to help control its placement on a surface with an accuracy of 13 m.
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At a price of $60,000, the instrument required for nanoskiving, the ultramicrotome, is relatively inexpensive. Nanoskiving also requires investment in a diamond knife (ϳ$2000) that must be sharpened every 6Ϫ12 months at a cost of ϳ$1000. These expenses represent a miniscule investment relative to the cost of a cleanroom and the associated tools. The throughput of nanoskiving (2.8 ϫ 10 Ϫ7 m 2 /s) is still relatively low compared to techniques that have had a longer time to develop. Commercially available ultramicrotomes are not well-suited for high-volume production because each slab must be collected by hand from a pool of water, and the area per slice is small (ϳ1 mm 2 ). A recently developed, automated tape-collecting ultramicrotome represents a first step toward highthroughput nanoskiving.
Even without the capability of high-throughput production, nanoskiving is a very useful and underutilized tool for researchers who want to study the properties of nanostructures. The work by Lipomi et al. in Self-Assembly. With life as the ultimate example, self-assembly offers the greatest potential for mass production of nanostructures. 23 Although we see the potential for selfassembly all around us, it has proven staggeringly difficult to gain a comparable level of control over selforganization in the lab. Only within the past few years have researchers learned to program life's hard-drive, DNA, to control the assembly of nanostructures. 24 Exciting recent developments include control over the assembly of carbon nanotubes into crossbars, DNA robots, and a variety of DNA structures than controllably respond to inputs. 25Ϫ28 Given the cost and time required to synthesize DNA and the necessity of patterning it on a surface, it will be some time before recent developments are translated into viable options for high-throughput nanofabrication.
Block copolymers have had relatively more time to be incorporated into a practical method for sub-30 nm nanofabrication. 29 Hexagonal arrays of cylindrical pores formed in block copolymer films are being developed as etch masks to generate low-k dielectrics for transistor gates. 30 Patterning of magnetic storage media is another potential application for the arrayed holes. Spontaneous assembly of square arrays has also been demonstrated, but patterning of more complicated structures (e.g., lines) still requires a lithographically defined template.
31Ϫ33 Nanofabrication with block copolymers is a very accessible method for academic researchers to generate arrays of quantum dots or nanowires on a surface. However, the fact that block copolymer films may take several days to anneal is a significant barrier to their application for high-throughput nanofabrication.
In the near term, colloidal nanostructures and their assemblies offer the greatest potential for commercialization. Inks composed of metallic nanoparticles are already used commercially to generate conducting structures for flexible electronics produced in roll-to-roll processes. 34, 35 To date, the size of these features has been limited to the micrometer scale. Recent advances in printing that utilize electrohydrodynamic effects and nanocapillary nozzles have reduced the resolution to the submicrometer level. 36 Researchers have also utilized capillary, shear, electrostatic, dielectrophoretic, magnetic, and molecular forces to organize the assembly of synthesized colloids and nanostructures onto surfaces 37 where they can serve as the active element or as a mask for deposition of other materials. Even without organization or alignment, a mat of nanowires can make a surface conductive while leaving sufficient open space to enable ϳ85% light transmission. 38Ϫ40 Nanowire films are a promising replacement for indium tin oxide (ITO) as the transparent electrode in flexible displays and solar cells.
OUTLOOK
The field of nanofabrication is at a turning point. Photolithography is fast approaching its estimated limit of 22 nm, making room for alternative methods such as nanoim- It is not easy to predict the directions that a technology might take in the future. Experts in the field of electronics, for example, speculated many times that the end of photolithography was just around the corner. However, quite the opposite has occurred, and this technology remains more vital than ever. The transition to shorter wavelengths and clever implementation of resolution-enhancement techniques (e.g., phase shift and immersion optics) have kept pushing the physical limits set by optical diffraction, and this trend is now expected to continue at least for the foreseeable future. On the contrary, many techniques (e.g., EBL and X-ray lithography) that had been forecasted to provide alternative solutions to photolithography showed more severe challenges than were anticipated. Indeed, there seems to be no obvious replacement for photolithography despite the tremendous efforts put forth in establishing new, alternative technologies. These developments, however, have always spurred significant advances in other, sometimes not obviously related, fields such as physics, chemistry, materials science, and optics. There is no doubt that such synergies will further evolve and continue to be a rich source of inspiration and surprise for both scientific research and technological development.
